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ABSTRACT

Ongoing efforts to stabilize the operation of photoelectrochemical (PEC) devices remain critical for achieving economically viable solar
fuel production, as devices with lifetimes on the order of 10 to 30 years are projected requirements for utility-scale, PEC device imple-
mentation. However, insight into the causes of device degradation and activity losses is generally provided by monitoring the device
current, a quantity which masks the relative contributions of photovoltaic component degradation and electrocatalyst activity drops to
overall performance losses. In this study, an approach for deconvoluting the various contributors to PEC device losses is described. In
particular, the causes for observed fluctuations in device performance are determined through the collection of real-time, current-voltage
data, paired with an analytical method that enables the decomposition of drops in device current into its constituent photovoltaic- and
catalyst-driven performance losses. We test the validity of this approach by applying it to the data collected for a PEC hydrogen evolution
test-bed.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5142561

Significant progress has been made in the development of
solar fuel devices, which store the energy of Earth’s incident solar
flux in molecular bonds, since the initial report of the Honda-
Fujishima effect on nano-particulate titanium dioxide nearly 50
years ago."”Since then, particular focus has been given to increase
the solar-to-fuel conversion efficiency of these devices, with cur-
rent efforts demonstrating efficiencies exceeding 30% for solar-
hydrogen generation’’ and 23% for carbon-based solar fuels.” "
Despite these advancements in peak efficiency, substantial techno-
logical leaps must still be made in the domain of device longevity,
as stabilizing the operation of photoelectrochemical (PEC) devices
will be critical for realizing economically competitive solar fuel
production.'”"” Devices with lifetimes on the order of 10 to 30
years have been estimated in various technoeconomic assessments
as essential requirements for the utility-scale implementation of
PEC technologies.'* ' However, device degradation and activity
losses are commonly determined by monitoring the device current,
a quantity masking the relative contributions of photovoltaic (PV)

deactivation and electrocatalyst activity drops to overall perfor-
mance losses. For example, in a conventional, liquid-fed PEC sys-
tem, gas bubbles may obscure the PV while blocking catalytic areas
at the same time. In this study, an approach granting insight into
the various causes for PEC device efficiency losses is described. In
particular, the causes for observed fluctuations in device perfor-
mance are determined through the collection of real-time polariza-
tion data paired with an analytical method that permits the quanti-
tative decomposition of drops in device current into its constituent
PV- and catalyst-driven performance losses. We test the validity of
this approach by applying it to data collected for an integrated, pho-
toelectrochemical device for hydrogen evolution, operating under
conditions of simulated, 1-sun illumination.'”

Briefly, the device used for testing this loss analysis procedure
consisted of a multi-junction photovoltaic integrated into a proton
exchange membrane, with catalyst-coated carbon papers being com-
pressed against both sides of the membrane, as previously reported
by the authors.'” The datasets used for this study were derived from
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a device configuration in which electrocatalysis was facilitated by a
water vapor feed instead of liquid water, which we have found to
significantly increase the device stability. Specifically, a humidified
gas feed was realized by bubbling nitrogen carrier gas through a
heated (~70 °C) glass vial before it reached the anode. In this particu-
lar device, illumination proceeds from the cathode side. llumination
by the solar simulator results in a device surface temperature that
stabilizes at approximately 40 °C, resulting in the partial condensa-
tion of water vapor in the anode due to the temperature difference
between the device and the humidified gas feed.

During unbiased operation of this PV-integrated membrane
(PIM) device, two reversible loss mechanisms were influenced by
the humidification of the system. Low humidification levels forced
the dehydration of the Nafion membrane, with a resultant decrease
in membrane ionic conductivity, as water gets removed from the
hydrophilic, negatively charged channels that enable the selective
transfer of cations.'*'” These increased impedances to ion flow cor-
respond to higher overpotentials for electrochemical oxygen and
hydrogen evolution reactions at the respective anode and cath-
ode surfaces. The ultimate result is an operating point that occurs
at lower current densities, decreasing the overall device efficiency.
Low relative humidity conditions in the cell may also reduce the
amount of useable catalyst surface area, compounding reductions
in the device performance.”’ A previous report suggests that feed
conditions above 80% relative humidity are required to reach desir-
able current densities in vapor-fed PEC devices.”' Here, the device
was operated slightly above the condensation threshold to ensure
sufficient hydration of the system, even when the cathode cham-
ber was purged by dry nitrogen gas. Under these conditions, water
transport through the membrane increased considerably due to the
relative humidity gradient and the proton-induced, electro-osmotic
drag of water across the membrane.”” As a result of water transport
through the membrane, a similar amount of water was observed
in the vapor traps located between the cathode and anode out-
lets and the gas chromatograph. Consequently, if the temperature
of the bubble humidifier is set too high, water can condense on
the PV front at the cathode side, partially blocking the incident
light and reducing the device efficiency. Optimizing device per-
formance requires a complete understanding of loss mechanisms,
highlighting the importance of deconvoluting the contributions of
electrochemical and PV-driven performance losses to the observed
drops in the overall device current.”””* For this reason, the oper-
ating voltage and current were logged concurrently throughout a
180-h experiment. The resulting current-voltage readouts for the
first 100 h of operation are plotted along with the initial electro-
chemical (EC) and photovoltaic (PV) polarization curves in Fig. 1,
while the remaining 80 h are displayed in Fig. S1. In order to
maintain visibility, the values for the operating point were averaged
every 12 min, resulting in a total of 500 plotted points. Generally,
a higher operating voltage indicates conditions that are too dry,
with the overpotential for the electrochemical reactions increasing,
resulting in EC-based current losses. However, when feed condi-
tions are too humid, condensation of water vapor attenuates the
incident light, forcing corresponding reductions in PV performance,
as evidenced through current drops at relatively low operating
voltages.

The modeled PV curves at various levels of water con-
densation shown in Fig. 1, resulting in certain degrees of light
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FIG. 1. Operating point during the first 100 h of unbiased operation compared to
the electrochemical (EC) and photovoltaic (PV) polarization curves taken before
operation and modeled PV curves at different levels of water vapor condensation
at the PV front. The deviation at higher voltages between the dry, initial PV curve
and the modeled, 0% attenuation curve is due to the higher (30 mV) open circuit
voltage (Vo) of the PV upon humidification. The PV is cooled by ~4 °C during
operation, compared to the dry conditions, resulting in the higher V.

attenuation (shading), are calculated based on the characteristic PV
parameters, determined prior to the operation of the PEC device.
For the determination of the characteristic PV parameters such
as series resistance (Rs), shunt resistance (Ry,), and ideality fac-
tor (n), I-V curves were taken at different levels of water con-
densation at the PV illumination side (Fig. S2). The PV parame-
ters for each of these different light attenuation cases were then
extracted from the PV’s I-V curves by conducting a least-squares
fit of the experimental data to the single-diode solar cell model” *
using a custom MATLAB script. The resulting values for these
three parameters in each of the light attenuation cases examined
remain essentially constant, with light attenuation mainly affecting
the observed short circuit current. Therefore, changes in the PV
polarization response at different humidification levels were not a
result of fluctuating values of R, Ry, or #, allowing for the general
modeling of PV polarization curves at different levels of unspec-
ified PV illumination. The characteristic values for Rs, R, and n
taken at various humidity levels were averaged and are presented in
Table SI.

In Fig. 2(a), PV curves with varying levels of light attenuation
are plotted together with one operating point, which is found to lie
on the 15% light attenuation curve and shows both EC and PV losses.
The difference in current between the operating point and a point at
the same voltage, but on the unshaded, 0% PV curve, may be seen
as the current lost due to PV shading. In contrast, the EC losses
are calculated by comparing the operating point with a point on the
same light attenuation curve, but at the required minimum voltage
of 1.229 V to split water, and subtracting the respective currents.
The PV parameters were then used to reconstruct the best-fitting
PV I-V curve for each current-voltage data pair during operation.
In Fig. 2(b), the calculated PV and EC losses for each operating point
are plotted between the short circuit current (Is) of the PV, which
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FIG. 2. Deconvolution of current losses through concurrent logging of voltage and current during device operation. (a) Loss calculation example for one operating point,
dividing the total current loss into PV and EC losses. (b) Calculated current losses during the first 100 h of operation, filling the area between the short circuit current (/s) of
the PV and the operating current. Roman numbers indicate the different temperatures of the bubble humidifier (I: 75 °C, II: 70 °C, Ill: 65 °C, and IV: 70 °C). (c) Magnification
of the highlighted area in Fig. 2(b) indicating the minimal calculation error. (d) Calculation error during the first 100 h of operation shown by the difference between /s of the

PV and the measured current plus accounted losses.

marks the maximum achievable PEC current, and the measured net
current during operation. As expected, PV losses dominate at rela-
tively low operating voltages, while EC losses increase significantly
at operating voltages exceeding 2 V. After the first 15 h of the exper-
iment, during which the condensation of water vapor reduced the
intensity of light reaching the PV, the temperature of the bubble
humidifier was decreased from 75 °C to 70 °C. A lower temperature
resulted in reduced water content of the anode feed, followed by less
condensation at the cathode side of the PEC cell. After 40 h, the tem-
perature was decreased to 65 °C, as increasing condensation again
caused elevated PV losses. However, the reduced water content of
the nitrogen carrier at this temperature is found to cause membrane
dehydration, promoting EC losses after 50 h. Therefore, the tem-
perature was readjusted to 70 °C after 67 h, resulting in low overall
losses for the following 30 h. As shown in Figs. 2(b) and 2(c), device
losses that go unaccounted for using our approach are found to be
negligible and are likely artifacts of minor calculation errors, aris-
ing from the least-squares fitting process that is central to our loss
deconvolution methodology. In Fig. 2(d), the short circuit current is

compared against the measured current plus the current associated
with PV and EC losses. The difference between the two lines equals
the calculation error and is below 0.1 mA during the entire 100 h.
Similarly, the calculation error accounts for only 1% of the integral
between the operating current and Iy, signifying that about 99% of
all current losses were captured. In addition, this loss deconvolu-
tion method was successfully applied to a second, liquid-fed device
architecture (Fig. $3),”* and a control experiment was conducted
(Fig. S4).

Due to the concurrent logging of operating voltage and current,
the partitioning of time-dependent efficiency drops into PV and
electrochemical losses was possible, using a new loss deconvolution
methodology. Feed humidification conditions were found to have
a great effect on both loss mechanisms. PV attenuation losses were
caused by the condensation of water vapor at the PV illumination
side, while EC losses are a result of Nafion membrane dehydration,
rather than losses in catalyst activity. It must be noted that intrinsic
stability of the photoabsorber is a key assumption of this analyti-
cal approach, as it treats the extracted parameters found through
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fitting an experimental PV load curve to the Shockley-diode equa-
tion as time-independent constants, with PV performance drops
only being influenced by changes in the effective incident light inten-
sity. This particular case may not apply to chemically/temporally
unstable photoabsorbers, where it may reasonably be expected that
attributes such as the shunt resistance, ideality factor, and series
resistance change over the course of PV degradation. In such cases,
it would be necessary to periodically re-measure the PV polariza-
tion response and extract the altered diode parameters, before this
methodology could be meaningfully applied. Similarly, if the inci-
dent light intensity is not constant, such as during outdoor, diur-
nal experiments, it needs to be determined constantly, for example,
with a calibrated reference cell, to separate PV losses from lower
irradiation conditions.

This newly established capability, which captures the time-
dependence of the loss mechanisms in play during PEC device oper-
ation, opens the door for real-time adjustments to the feed humidity
that appropriately compensate for the type of loss driving perfor-
mance degradation. Such efforts will be the focus of future investiga-
tions. Finally, this loss separation technique should be applicable to a
range of solar-driven devices, provided that current-voltage data are
collected during operation. Aside from the monolithic PEC device
explored in this study, this approach should also be relevant to wired
integrated PEC devices and PV-coupled electrolyzer units.

See the supplementary material for the determination of char-
acteristic PV parameters and demonstration of the loss analysis
methodology with a second device architecture.

The authors thank Jason Cooper and Ian Sharp for their helpful
insights. The authors gratefully acknowledge research support from
the Joint Center for Artificial Photosynthesis (JCAP), a DOE Energy
Innovation Hub, supported through the Office of Science of the U.S.
Department of Energy under Award No. DE-SC0004993.
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